The hydride transfer reaction between OD + and C 3 H 6 has been studied experimentally and theoretically over the center of mass collision energy range from 0.21 to 0.92 eV using the crossed beam technique and density functional theory calculations. The center of mass flux distributions of the product ions at three different energies are highly asymmetric, with maxima close to the velocity and direction of the precursor propylene beam, characteristic of direct reactions. In the hydride transfer process, the entire reaction exothermicity is transformed into product internal excitation, consistent with mixed energy release in which the hydride ion is transferred with both the breaking and forming bonds extended. At higher collision energies, at least 85% of the incremental translational energy appears in product translation, providing a clear example of induced repulsive energy release. Compared to the related reaction of OD + with C 2 H 4 , reaction along the pathway initiated by addition of OD + to the C v C bond in propylene has a critical bottleneck caused by the torsional motion of the methyl substituent on the double bond. This bottleneck suppresses reaction through an intermediate complex in favor of direct hydride abstraction. Hydride abstraction appears to be a sequential process initiated by electron transfer in the triplet manifold, followed by rapid intersystem crossing and subsequent hydrogen atom transfer to form ground state allyl cation and HOD.
I. INTRODUCTION
A detailed experimental and theoretical study of the reactions that occur between hydroxyl cation and the ethylene molecule has been presented in our laboratory. 1 This system exhibits interesting reaction dynamics, which, whether unique or representing a common trend of olefin oxidation in similar systems, make further studies necessary. In order to gain a systematic understanding of electrophilic addition of hydroxyl cation to alkenes and to explore the role of intersystem crossing following the formation of the triplet oxirane diradical cation, we report the study of the reactions between hydroxyl cation and propylene.
To date, no detailed study of reactions between hydroxyl cation and the propylene molecule has been reported, but a few groups have studied the structures and dissociation of ͓C 3 H 7 O͔ + isomers, which are possible intermediates in such reactions. Bowen et al. presented a potential energy surface for rearrangements of ͓C 3 H 7 O͔ + ions in the context of investigating the isomerization of protonated acetone to protonated propionaldehyde. 2 Nobes and Radom have carried out ab initio molecular orbital calculations for 17 possible isomeric ͓C 3 H 7 O͔ + structures. 3 McAdoo and Hudson 4 employed collisionally activated dissociation mass spectrometry to examine decompositions of ͓C 3 H 7 O͔ + and its deuterated analogs. Bouchoux et al. investigated the dissociation mechanisms of several ͓C 3 H 7 O͔ + species with the help of molecular orbital calculations and Fourier transform ion cyclotron resonance spectrometry. 5 Most of these studies indicate that unimolecular reactions of ͓C 3 H 7 O͔ + ions generally lead to H 2 O and C 2 H 4 loss, forming C 3 H 5 + and CH 2 OH + , respectively.
In our experiments, we use the isotopically labeled reactant OD + instead of OH + , reacting with propylene. Three products, which may result from the following reactions, were observed: Reactions ͑1͒-͑3͒ describe charge transfer, hydride transfer, and unimolecular decay, respectively. The branching ratio of these products is about 1:8:1 at the highest experimental energy of 0.92 eV. The hydride transfer channel ͑2͒ to form the allyl cation is highly favored over the other two channels and is the only channel with sufficient signal to do a complete experiment. The observation of the C 3 H 5 + product is consistent with the predictions that the decay of ͓C 3 H 7 O͔ + species occurs by loss of H 2 O, but does not prove the intermediacy of such species.
There is no sign of the CH 2 OH + product in our experiments, although it is suggested by the other studies. To form this product, C-O bond formation, occurring through short range interactions, must occur. If such small impact param-eter collisions do not occur, it is unlikely that the OH + +C 3 H 6 reaction is mediated by the decay of ͓C 3 H 7 O͔ + intermediates. The validity of this argument will be discussed in a later section devoted to key features of the reaction potential energy surface. The current paper presents an investigation of the hydride transfer reaction using the crossed molecular beam technique. In conjunction with density functional theory ͑DFT͒ calculations of the properties of possible reactive intermediates and statistical rate constant calculations, our study provides insight into the reaction pathway followed to form C 3 H 5 + products, both experimentally and theoretically.
II. EXPERIMENT
The experimental apparatus has been described previously, 6 so only a brief review is given here. OD + ions were produced by electron impact on deuterium oxide ͑99.9%, Cambridge Isotope Laboratories, Inc.͒ vapor. The measured pressure in the initial focusing stage vacuum chamber was about 1.0ϫ 10 −5 Torr. The pressure in the ionization region was typically 10 −2 Torr. The ions were accelerated to 300 V, and then mass selected with a 60°magnetic sector. After focusing and deceleration to the desired beam energy by a series of ion optics, the beam had a laboratory energy distribution with a full width at half maximum of 0.20-0.35 eV in these experiments. Experiments were performed at selected energies over a center of mass collision energy range of 0.21-0.92 eV. This nearly fivefold range of collision energies allowed us to probe the potential energy surface for reaction both in the attractive and low energy repulsive regions. The propylene beam was formed by supersonic expansion of the pure gas. In the main chamber, the neutral beam intersected with the ion beam at 90°. A tuning fork chopper modulated the neutral beam at 30 Hz, separating the background from the true reactive scattering signal. An electrostatic energy analyzer with a resolution of 0.07 eV was used to measure the kinetic energy distributions of the reactant and product ions. The energy analyzer was calibrated before and after each experiment, using the resonant charge transfer reaction between He + and He as a thermal energy marker that allowed us to determine the zero offset of the energy analyzer. The product ions were mass analyzed by a quadrupole mass spectrometer and detected by a dual microchannel plate ion detector.
Two independent measurements were performed in the experiment. The kinetic energy distributions of the scattered product ions were measured at 19-23 fixed laboratory angles based on the signal level. These kinetic energy distributions were then normalized by measuring angular distributions of product ions in the laboratory coordinate system by summing up the signal over all energies. The angular distributions were corrected for drifting in beam intensities and detection efficiency by returning to a reference angle, usually 90°, periodically and assuming that the drift of the signal was linear in time. These measurements were carried out at each laboratory energy.
III. DATA ANALYSIS
The measured kinetic energy and angular distributions of products were transformed to center of mass ͑c.m.͒ coordinates to facilitate their dynamical interpretation. An iterative deconvolution procedure was used to extract the c.m. cross section from the laboratory flux distributions by inverting the following equation:
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The full flux distributions in velocity space as well as the kinetic energy and angular distributions derived from them provide important physical insight into the nature of reactive collisions.
IV. RESULTS
The hydride transfer reaction OD + +C 3 H 6 → C 3 H 5 + + HOD was studied at relative collision energies of 0.21, 0.48, and 0.92 eV. Selected experimental data and the fits provided by the deconvolution procedure described in the previous section are shown in Fig. 1 . Figure 2 shows the center of mass flux distributions of the C 3 H 5 + products superimposed on the Newton kinematic diagram at a collision energy of 0.21 eV, obtained by iterative deconvolution. In the c.m. coordinate system, the directions of the OD + ion beam and C 3 H 6 neutral beam are 0°and 180°, respectively. The flux distributions at the two higher collision energies are qualitatively similar and are not reported here.
The experimental results presented in the flux maps show that the hydride transfer flux distribution is sharply asymmetric. The majority of the C 3 H 5 + products is scattered in the same direction as the precursor C 3 H 6 beam with similar velocities. These forward-scattered products indicate that the hydride transfer reaction is dominated by a direct mechanism, proceeding through large impact parameter collisions on a time scale much shorter than a rotational period of the The angular distributions and relative translational energy distributions of the hydride transfer products at all three energies are shown in Fig. 3 . The widths of the angular distributions show a slight narrowing with increasing collision energy, consistent with decreased interaction times at higher kinetic energies. As the collision energy increases, the relative translational energy distributions of the products shift towards higher energies. As a fraction of the total energy, the widths also increase slightly, from 6% of the available energy at the lowest collision energy to 8% at the highest.
The energy partitioning results are summarized in Table  I . The total energy is the sum of collision energy, any reactant internal energy, and the reaction exothermicity. The supersonic expansion produces internally cold neutral reactants. The observed energy limits in the kinetic energy distributions are also consistent with minimal internal excitation of the OD + reactant. The product relative energy E T Ј at each collision energy is tabulated as the average value of the appropriate relative translational energy distribution in Fig.  3͑b͒ . From energy conservation, we determine that the fraction of the total energy appearing in product translation increases from 5% to 13% as the collision energy spans the full range studied here. The average internal energy of the reaction products is essentially independent of collision energy, varying only slightly, from 6.23 to 6.33 eV, over the full collision energy range, and is identical to the reaction exothermicity of 6.31 eV within less than 2%.
V. COMPUTATIONAL RESULTS
In order to better understand the reaction dynamics, and to gain insight into possible reactive intermediates and the transition states connecting them, we performed DFT calculations with the GAUSSIAN 98 program package. 8 The geometries of all the relevant species were fully optimized at the B3LYP/ 6-311+ G * level of theory. Vibrational frequencies of the reactive complexes and transition states were then extracted in the harmonic approximation. Single point energy calculations were performed at the same level of theory based on the geometries and zero-point vibrational energies.
The hydride transfer product, C 3 H 5 + , has two stable isomers: ͑a͒ allyl cation, ͓CH 2 CHCH 2 ͔ + , corresponding to the removal of H − from the methyl group, and ͑b͒ methyl vinyl cation, ͓CH 2 CCH 3 ͔ + , corresponding to the removal of H − from the central carbon. This observation agrees with the calculations of Radom et al. 9 The allyl cation is the most stable isomer by ϳ30 kJ/ mol. The barrier between these two isomers is about 85 kJ/ mol relative to ͑b͒. Allyl cation is considered as the most probable product. The OH + reactant has a triplet ground state. In a manner analogous to the isoelectronic O͑ 3 P͒ species, we expect that OH͑D͒ + may undergo electrophilic addition to the bond of olefins to form a triplet diradical. 10 Because this species may undergo intersystem crossing, we will discuss both key singlet and triplet intermediates, which are also shown in Fig. 4 . A reaction coordinate diagram is shown in Fig. 5 . The energy FIG. 4 . ͑Color online͒ Geometries of key reactive intermediates and transition states from DFT calculations. Below each species, the bond lengths ͑in Å͒ and angles are indicated.
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and frequency results for all intermediates and transition states are listed in the EPAPS supplemental data.
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On the triplet surface, the approaching reactants may generate two different initial diradical intermediates, depending on the carbon position attacked by OD + . When oxygen attacks the terminal carbon of the double bond, 1-hydroxyprop-2-yl cation 1 is formed. This structure is 415 kJ/ mol stable relative to the reactants. Complex 2 corresponds to the isomer in which oxygen attaches to the central carbon. Its energy is just 2 kJ/ mol lower than complex 1. The distances between C1͑OH͒ and C2 in complex 1 and between C3͑methyl͒ and C2͑OH͒ in complex 2 are 1.70 and 1.79 Å, respectively, significantly longer than the typical C-C single bond length of 1.54 Å. The electrostatic character of intermediates 1 and 2 is consistent with facile decay to CH 2 OH + +C 2 H 4 and CH 3 + +CH 2 CHOH ͑ethenol or vinyl alcohol͒ which may lead to its more stable tautomer, acetaldehyde. However, such products were not observed in our experiments, suggesting that these two intermediates do not play important roles in the reaction dynamics.
Although the DFT calculations show that diradical cation species are formed in the reactions of OD + with both C 2 H 4 and C 3 H 6 , they do not address the issue of possible steric interaction of the incoming OD + reactant with the CH 3 group in the propylene case. Such interactions may restrict the range of impact parameters that lead to diradical cation complex formation, but the present DFT calculations do not explore that question. However, the structures of important intermediates that follow the initial diradical cation and their rates of interconversion are addressed in the following paragraphs.
As Yamaguchi et al. have pointed out, intersystem crossing to the singlet manifold should be facile because of efficient spin-orbit coupling, which is due to the orthogonality of the p-type diradical orbitals of the unpaired electrons. 10, 12 The first intermediate we found on the singlet surface is protonated methyl oxirane, denoted as 3, in which the oxygen and two carbon atoms form a three-membered ring with the hydroxyl hydrogen pointing out of the C-C-O plane. It is the expected ring closure structure formed upon intersystem crossing. The calculations show that this species is bound by 661 kJ/ mol relative to the reactants. It can isomerize quickly over an energy barrier of 42 kJ/ mol to the ring-opened structure 4, which lies 9 kJ/ mol below 3. The elongated C2-O bond ͑1.588 Å͒ in structure 3 is consistent with ring opening and with the asymmetric epoxide arising from methyl substitution on the ethylene oxide. On the other hand, the C1-O bond ͑1.513 Å͒ is comparable to the C-O bonds ͑1.529 Å͒ in the protonated oxirane. From complex 4, 1,4-hydrogen migration creates protonated allyl alcohol 5 by passing over an 87 kJ/ mol barrier. Then single bond cleavage leads to water loss, forming the allyl cation product. A similar pathway was also proposed in our earlier study of OD + +C 2 H 4 .
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A diagram indicating the relative energies of these complexes and the pathways is shown in Fig. 5 .
With the important intermediates identified, the rate calculations are needed to help understand the reaction dynamics. The vibrational frequencies for bound complexes and transition states obtained from DFT calculations can be used as input into rate constant calculations using RiceRamsperger-Kassel-Marcus ͑RRKM͒ statistical theory. [13] [14] [15] [16] By examining the relative rate constants, we may discover additional constraints on reactive pathways. The calculations show that the ring-opening process takes place with a rate of 2 ϫ 10 13 s −1 . The rates reported here are obtained at the intermediate collision energy. The isomerization rate from complex 4 to 5 is 4 ϫ 10 9 s −1 , which is surprisingly slow because the energy barrier associated with it, 87 kJ/ mol, is relatively small compared to the available energy. This twostep isomerization consisting of ring opening and hydrogen migration cannot be resolved into two separate steps in the related OD + +C 2 H 4 system. In that case, the analogs of species 3 and 4 and the transition state separating them are too close in energy to be characterized separately, at least at this level of theory.
The rate-limiting step in the current system is three orders of magnitude slower than the corresponding composite steps in the OD + +C 2 H 4 system. This small rate constant suggests the involvement of a very tight transition state. The activation entropy of the isomerization is calculated to be −55 J / ͑mol K͒, a typical value for a reaction with a tight transition state. By examining the individual contributions of each frequency of the intermediate and the transition state, we found that the extremely low frequency corresponding to the torsional motion of the methyl group in the complex is the main source for the high value of the partition function. In the transition state, this motion is significantly hindered, and its vibrational level density is significantly more sparse, leading to the substantial negative activation entropy and thus a low rate of isomerization. This torsional motion is absent in the OD + +C 2 H 4 system. Despite a higher barrier ͑140 kJ/ mol͒ in the latter case, a positive activation entropy of +9 J / ͑mol K͒ is consistent with a much looser transition state and a more facile rearrangement. The RRKM calculations indicate that if the system were to follow the pathway including complexes 3-5, the rate-limiting step for that sequence of steps would be several orders of magnitude slower than the rotational period of the precursor intermediate. That condition would yield an angular distribution symmetric with respect to the perpendicular bisector of the relative velocity vector. The strong asymmetry observed in the product flux Fig. 5 ; their structures are also shown in Fig. 4 . Simple C-O bond cleavage in complex 7 leads to the triplet state allyl cation, which is 209 kJ/ mol higher in energy than its singlet counterpart, and HOD. Unfortunately, we do not have the ability to identify product multiplicity experimentally. However, the calculated RRKM rate constant for the hydrogen transfer is 3 ϫ 10 11 s −1 , which would lead to a much more symmetric angular distribution than that observed in these experiments. This contradiction provides evidence against product formation along this triplet state pathway.
We expect that intersystem crossing in complex 6, a weakly bound diradical intermediate, should be facile. As discussed by Salem and Rowland, 12 when the unpaired electrons of the diradical are in orbitals that can achieve a perpendicular orientation, the spin-orbit matrix elements responsible for intersystem crossing are nonzero. That situation is readily achieved in the relatively flexible complex 6. DFT calculations failed to produce a stable intermediate in the singlet manifold following intersystem crossing. Instead, all initial singlet structures collapsed to the optimized configuration of complex 5, in which hydrogen atom transfer from C͑1͒ to O has already occurred. As already noted, complex 5 is the direct precursor to the hydride transfer products. This result suggests that instead of an energy minimum, the singlet complex formed after a spin flip in the OH fragment corresponds to a saddle point. There is no energy barrier for hydrogen atom transfer. The facile three-step process makes the hydride transfer appear as a direct reaction. Additional theoretical studies will be helpful in understanding the details of this pathway. The proposed mechanism for the hydride transfer channel also provides an explanation for the weak charge transfer signal observed. Evidently, a large fraction of the charge transfer precursors branch to form hydride transfer products through rapid intersystem crossing followed by barrierless hydrogen transfer.
VI. DISCUSSION
Theoretical calculations are consistent with the observation that the hydride transfer process forming C 3 H 5 + is a direct reaction. In the previously studied OD + +C 2 H 4 system, 1 the asymmetric angular distribution data of the hydride transfer product indicate the participation of a short-lived reactive intermediate, and DFT calculations confirm the formation of such products following the formation of a triplet oxirane species and subsequent intersystem crossing to the singlet manifold. Although a similar pathway is shown to exist in the propylene system, two important issues cast doubt on the likelihood that reaction occurs in the same manner as the ethylene case. As we have already noted, it is reasonable to expect that the methyl group provides steric hindrance for complex formation. The DFT calculations do not illuminate this point. However, the calculations provide explicit evidence that the -CH 3 group creates an entropic barrier for the critical 1,4-hydrogen migration required for product formation via the complex route. Such an entropic barrier is very similar in character to the central barrier in the doubleminimum potential model proposed by Olmstead and Brauman 18 that provides insight into the observation of reduced reaction efficiencies in a number of gas phase nucleophilic displacement reactions.
The hydride transfer process to form C 3 H 5 + exhibits several additional characteristics of a direct reaction besides the highly asymmetric angular distributions for product formation. In fact, hydride transfer in the related OD + +C 2 H 4 system also exhibits direct characteristics in the higher energy regime. This reaction is another example of a heavy+ light-heavy ͑H+LH͒ system in which the light hydride is transferred between heavier molecular fragments. The potential energy surface for this transfer, expressed in mass-weighted coordinates, 19 is characterized by a very acute angle, 16°, between the entrance and exit channels. If the collision energy is low, the reaction trajectory does not have enough energy to penetrate into the narrow corner of such highly skewed surfaces. Instead, it will cut the corner separating the entrance and exit valleys with a strong propensity. These motions correspond to light atom transfer from a configuration in which both the cleaving and incipient bonds are extended from equilibrium bond lengths with little momentum transfer to the departing heavy atoms, yielding vibrationally excited reaction products. This mechanism is described as "mixed energy release." [20] [21] [22] [23] The data at the lowest collision energy show that 95% of the available energy is partitioned in product internal excitation. Almost the entire reaction exothermicity is transformed into internal excitation, consistent with an early release of the exothermicity with the nascent bond extended from its equilibrium configuration, which is expected for mixed energy release.
At higher collision energies, the concept of "induced repulsive energy release" was introduced to address partitioning of incremental translational energy on heavy+ light-heavy potential surfaces. 24 In this picture, reactive trajectories with excess translation penetrate far into the corner of the highly skewed potential surface where both the forming and breaking bonds are compressed. The trajectory moves into the exit valley with little motion perpendicular to the reaction coordinate, yielding products with high translational excitation. At the intermediate collision energy of 0.48 eV, 88% of the incremental translational energy appears in product translation. At the highest collision energy of 0.92 eV, a slightly decreased fraction, 85% of the increment, appears in product translation. Similar observations were also reported in the D 2 O + +NH 3 system previously studied in our laboratory. 25 The explanation for this small but unusual decrease in the incremental translation of the products may arise from the possibility that the bent configurations in the current system become increasingly important at higher energies, leading to additional rotational excitation in the fragments. The corner cutting trajectories that produce vibrationally excited products at lower collision energies are replaced by trajectories at higher translational energy that are more effective at reaching the compressed configurations that facilitate translation in the separating products. This hydride transfer reaction provides an example of induced repulsive energy release.
One of the other observed reaction channels forming mass 42 product may consist of both the charge transfer product C 3 H 6 + and hydride transfer with H / D exchange to form C 3 H 4 D + . However, the study of Bouchoux et al. with a set of labeled ions and neutrals, concluded that the hydroxylic hydrogen does not participate in the exchange during the isomerization we discuss here. 5 The participation will only take place after complex 4 isomerizes to protonated propionaldehyde. Owing to the low rates of isomerization, we would expect that charge transfer is highly favored over any isomerizations that are at least two steps removed from complex 1 involving the hydrogen scrambling. In addition, since the hydride transfer reaction is direct, one would not expect H / D exchange, which almost certainly requires complex formation, to take place. Therefore this product mass is quite likely formed solely from charge transfer in the current system. Reaction ͑3͒ is C 3 H 4 + formation. The dissociation thresholds for C-H bond cleavage in the C 3 H 5 + products and for O-H ͑D͒ bond cleavage in HOD are 4.90 and 5.17 eV, respectively. Although the precise nature of energy partitioning among C 3 H 5 + and HOD products cannot be determined unambiguously from the data shown in Fig. 3 , statistical partitioning of energy in the products places the majority of the available energy in C 3 H 5 + . In addition, the lower dissociation threshold in C 3 H 5 + relative to HOD causes C 3 H 4 + to be the major decay fragment. At the lowest collision energy, the total energy accessible to reaction products is 6.52 eV. Thus, in the extreme scenario, C 3 H 5 + products formed at this collision energy with translational energy less than 1.62 eV have sufficient energy to dissociate to C 3 H 4 + + H. Similarly, at two higher collision energies, products formed with translational energies below 1.89 and 2.33 eV, respectively, may have internal excitation in excess of the dissociation threshold to C 3 H 4 + . Figure 3͑b͒ shows that the translational energy distribution of C 3 H 5 + products at all three collision energies falls entirely in the range where enough energy is available for dissociation. The observation of reaction products at these low translational energies requires that the HOD products contain sufficient internal excitation in concert with stable C 3 H 5 + . The magnitudes of the internal excitation of HOD at three collision energies all lie within ±5% of 1.4 eV at the peaks of the translational energy distributions. Therefore we believe that reaction ͑3͒ proceeds through unimolecular decay of highly excited C 3 H 5 + , a case similar to the OD + +C 2 H 4 system. The depletion of the low-kinetic-energy products formed at the highest collision energy in Fig. 3͑b͒ , corresponding to the onset of dissociation, agrees with this argument. Because of the absence of a complete set of experimental data for this decay channel, no further conclusion can be drawn for these two products.
In both the OD + +C 2 H 4 and OD + +C 3 H 6 systems, we did not observe proton transfer products, although the process is exothermic by 195 kJ/ mol in the former, and by 267 kJ/ mol in the latter case. The observed hydride transfer reactions are exothermic by 500-600 kJ/ mol. If a statistical mechanism is operative in these systems, we would expect the hydride transfer channel to be the dominant, although not exclusive process. The failure to observe proton transfer is surprising, and at this time we do not have an explanation for its absence. We do note, however, that D + transfer from D 2 O + to C 2 H 4 was observed to occur with a significant cross section in an earlier study from this laboratory. 26 We expect to carry out additional experimental and theoretical studies on related systems to understand the origin of this unusual behavior.
VII. CONCLUSIONS
The crossed beam technique and DFT calculations have been employed to study the reaction dynamics of hydride transfer reaction between OH + and C 3 H 6 . The c.m. flux distributions of product ions at three energies exhibit sharp asymmetry, with maxima close to the velocity and direction of the precursor propylene beam. The results indicate that hydride transfer is a direct reaction and proceeds through large impact parameters. The principal difference from the hydride transfer reaction in the related OD + +C 2 H 4 system 1 appears to be associated with a bottleneck on the singlet potential energy surface following complex formation in the present system arising from a hindered torsional motion of the -CH 3 substituent. The tight transition state caused by this motion suppresses reaction through complex formation and makes direct hydride abstraction the more favored pathway to products. The electronic structure of OD + indicates that direct hydride transfer to form HOD process cannot take place in a single step. The process appears to be initiated by electron transfer followed by hydrogen atom migration, a rapid stepwise process exhibiting behavior similar to that of a direct reaction. The inconsistencies between the statistical rate prediction and experimental observation show that the reaction on the triplet surface is not likely. DFT calculations suggest that the initial OD · C 3 H 6 + charge transfer complex undergoes facile intersystem crossing followed by barrierless hydrogen atom transfer to form ground state allyl cation and HOD. The hydride transfer shows characteristics of both mixed energy release and induced repulsive energy release typical of the energy dependence of the dynamics associated with the H + LH mass combination. One important, but unanswered question concerns the absence of the energetically allowed proton transfer. Additional theoretical and experimental work to understand this interesting observation is underway in our laboratory.
